Background-L-glutamine and n-butyrate are important nutrients for colonocytes affecting both their structure and function. The effect of these epithelial substrates on resealing of rat distal colon after acid induced injury was studied. Methods-Isolated colonic mucosa of 32 rats was mounted in Ussing chambers and exposed to Krebs-Ringer solution for four hours. Epithelial injury was induced by short-term exposure to luminal hydrochloric acid and resealing was studied with or without added glutamine or butyrate.
In the postprandial state, the colonic mucosa receives its nutrients preferentially from the luminal side and not, as previously assumed, from the vascular side. ' After a few days of oral starvation mucosal atrophy develops,2 probably because of the inability of the vasculature to supply fully the energy needs of the epithelium. An alternative explanation for the finding would be a reduced workload of this tissue (reduced absorption and secretion) in the absence of luminal contents.3 The preferred epithelial nutrients are glutamine in the proximal and n-butyrate in the distal colon,4 the second of these being produced by bacteria as an end product of carbohydrate fermentation. These substrates provide energy to the mucosa and, by unknown mechanisms, stimulate cell proliferation within colonic crypts.5 6 Glutamine and butyrate may be important in supporting epithelial repair mechanisms occurring in several forms of inflammatory bowel disease.7 Based on this assumption both substrates have been used empirically to treat patients with pouchitis (glutamine)8 or ulcerative colitis (butyrate).9 10 To study epithelial injury and repair in experimental colitis, several noxious agents have been used including deoxycholate," alcohol,12 formaldehyde,'3 acetic acid,'4 and hydrochloric acid.15 While these models do not reflect all aspects of human colonic disease, they do provide information about mechanisms whereby the colonic epithelium can recover from injury.
When isolated colonic mucosa placed in the Ussing chamber is incubated with luminal HC1 the superficial epithelium is desquamated whereas the crypts are left intact. Electronmicroscopic studies show that epithelial resealing occurs within several hours, probably as a result of cell migration from the crypts to the flat luminal mucosa.15 In this study the hypothesis was tested that colonic nutrients (glutamine, butyrate) may accelerate recovery after acid induced injury.
Methods
Preparation of distal colon Male Wistar rats (250-300 g, Wiga, Sulzfeld, Germany) were fed standard rat chow and water ad libitum before the experiments. Rats were killed by cervical dislocation and, after midline incision, the colon was removed and rinsed clear of its luminal contents with ice cold saline. Before use, tissues were maintained in ice cold saline bubbled with carbogen gas (95% oxygen, 5% carbon dioxide). Within 15 minutes, the serosal and muscular layers were removed by placing the sheet of distal colon, serosal side up, on a rubber plate moistened with ice cold saline. A transverse incision was made with a razor blade through the muscular layer, and the outer layers were gently removed from the mucosa/submucosa with a fine curved forceps. Histological examination showed that a pure mucosal/submucosal preparation of rat 0-785 cm2 of tissue surface area to 4 ml of appropriate solutions. Control and experimental tissues were always obtained from the same animal and incubated simultaneously. The Afterwards, fresh incubation medium (composition as already described) was filled in the chambers and PD/conductance were measured for four hours after tissue injury. The media bathing the serosal and mucosal sides of the mucosa were changed every hour and aliquots frozen at -20C for subsequent analysis of mannitol, lactulose, and xylose (within three months).
Interventions
In the initial validation experiment, the effect of tissue injury was assessed by adding HCl (15 mmol/l, five minutes) to the luminal side of one Ussing chamber and inducing no injury to the other chamber (n = 6). Neither butyrate nor glutamine were used in this experiment.
In further experimental series, chemical injury was induced to both chambers, and the effect of colonic nutrients (glutamine, butyrate) on mucosal resealing was compared with control conditions (equimolar NaCl added instead of glutamine/butyrate):
(1) L-glutamine (2 mmolIl), added to the serosal and luminal sides after tissue injury with HCI (n=6).
(2) L-glutamine (2 mmolIl), added only to the serosal side after tissue injury with HCI (n=7).
(3) n-butyrate (10 mmol/l), added to the luminal side after tissue injury with HCl (n=6).
(4) n-butyrate (10 mmol/l), added to the luminal side before and after tissue injury with HCl (preincubation period of one hour) (n=7).
Analysis of mannitol and lactulose The tissue permeability for mannitol/lactulose (luminal to serosal side) was assessed by measuring hourly the concentrations in the incubation media by gas-liquid chromatography. ' (1) Gas: helium at a column flow rate of 5 ml/min, make up gas 25 mllmin, splitless injection.
(2) Temperatures: injection port 220°C, flame ionisation detector 300°C, oven temperature programme: 1500C for 0 min, ramp 150C/min to 3000C (kept for 5 min).
The computerised data analysis made use of an HP 3365 Chemstation (Hewlett-Packard, Palo Alto, CA).
Bacterial strains and bacterial tissue permeation
The E coli strain 11 -1 (serotype 011 1:H ) was used for the permeation studies. This strain is resistant to ampicillin and shows localised adherence to HEp-2 cells.20 In addition, strain 11-1 possesses the 90 Kb virulence plasmid and does not produce verotoxins or heat labile or heat stable enterotoxins.20 E coli 0 11 cells were grown overnight in Luria broth and centrifuged. The pellet was suspended in the electrolyte solution used for Ussing chamber experiments (composition as before) to obtain 2x 107 colony forming units (Cfu) per ml. This suspension was added to the luminal half chambers in the fourth hour after tissue injury. The permeation across the mucosal sheet was assessed by measuring the density in the serosal half chambers after 60 minute exposure. From 1 ml of this suspension 100 ,ud underwent serial 10-fold dilution (105 to 102) and were spread on MacConkey agar plates containing 100 ,ug/ml ampicillin. Colonies were serogrouped by slide agglutination test with E coli 0 1 1 1 antiserum (Behringwerke, Marburg, Germany) and by polymerase chain reaction as described.20
Colonic crypt proliferation In the fourth hour after tissue injury 0.8 pumol bromodeoxyuridine (BrdU) was added both to the luminal and serosal side of the tissue to label proliferating cells within colonic crypts immunohistochemically. Details of this method have been described previously.6 21 In brief, mucosal sheets were fixed in ethanol (95%, v/v) for 12 hours and embedded in Paraplast (Monoject Scientific, Athy, Ireland). The specimens were section cut into 2 ,um slices using a Leitz microtome (Leitz, Wetzlar, Germany). Denaturation of DNA was achieved by incubation (30 min) with 2 N HC1. Mouse anti-BrdUrd monoclonal antibody (no 7580, Becton-Dickinson, San Jose, CA) was applied (1:100 dilution, one hour incubation), followed by biotinylated antimouse immunoglobulin (1:100 dilution, 30 minute incubation, RPN 1001, Amersham, Buckinghamshire, UK) as second antibody.
After 30 minute incubation with biotinylated streptavidin (1:100 dilution, RPN 1051, Amersham), BrdUrd-labelled cells were visualised using diaminobenzidine solution (0.5 g/l, Serva, Heidelberg, Germany) with 0. 15 g/l NiCl2 and 0.15 g/l CoCl2 as intensifiers. All reactions were performed at room temperature unless otherwise specified. Finally, the specimens were counterstained with nuclear fast red.
The histological slides were viewed under a Laborlux S microscope (Leitz) at a 625-fold magnification. In every case, proliferation of colonic crypt cells was evaluated by counting the number of BrdUrd-labelled cells and the total number of cells in 40 longitudinally sectioned crypt columns according to the criteria described by Lipkin et (Fig 1B) .
When rat distal colonic mucosa was incubated with HCI in chamber A while no acid injury was induced in chamber B the following data were obtained: after HCI injury the potential difference (PD) dropped significantly ,umol/l; two hours: 14.4 (4.2) v 6-8 (08) pumo1/l, p<005).
In the fourth hour of incubation, the permeation of the enteropathogenic strain 11-1 of E coli 0111:H-(EPEC) from the luminal (2x107 cfu/ml) to the serosal chamber was assessed. The serosal EPEC density was significantly higher with HCI induced injury (13675 (5479) cfu/ml) than without HC1 (1258 (668) cfu/ml, p<005).
Cell proliferation within colonic crypts was unaffected by HCI administration: the total crypt labelling index (LI) after HCI (0 16 (0.02)) was not different from LI under control conditions (0 14 (0.01), NS). This provides further evidence of the superficial nature of acid induced mucosal damage.
It was concluded from these data that HCI at the appropriate concentration and exposure time caused reversible injury to the distal colon of rat. A potential modifying effect of colonic epithelial nutrients (L-glutamine, n-butyrate) was investigated in the following experiments.
Glutamine experiments
The effects of L-glutamine (2 mmol/l) added 1 2 3 4 to the serosal and mucosal side (n =6) are Time (h) summarised in Figure 2A and Table IA Similar data were obtained when L-glutamine (2 mmol/l) was added only to the serosal side (n=7) of the chamber (Fig 2B, Table IB ). The PD was significantly higher in the presence of L-glutamine than in its absence (Table IB) . The conductance (Fig 2B) increased significantly in the control experiment at one hour and remained increased throughout. Also in the L-glutamine run, conductance rose significantly at one hour, but subsequently returned to the range of the initial value (104-118%, NS). A significant difference between L-glutamine and control experiment was found at two, three, and four hours. L-glutamine diminished the permeability for mannitol, whereas no significant difference was seen for lactulose (Table IB) . EPEC permeation was not different between L-glutamine and control run. u A Serosal L-glutamine raised the total crypt labelling index significantly. 10 
_ Butyrate experiments
The data of butyrate experiments (no preincubation with butyrate before HC1 incubation, n=6) are given in Table IIA and Figure 3A . mucosal damage confined to the superficial layer with the crypts left intact (15 minutes post-injury). After two hours, incipient epithelial restitution was noted by light microscopy. After five hours the necrotic layer had lifted off and the denuded basal lamina was covered with flattened epithelial cells that had migrated from the intact crypts. Electron microscopic analysis showed that non-goblet cells projected lamellipodia and migrated over the denuded basal lamina at a speed of 2 gm/min.
Morphometrically, 96% of the surface was judged necrotic, whereas after five hours only 17% of the mucosa remained damaged. In our validation experiment a significant drop of PD was observed and an increase in tissue conductance in the first two hours after injury. Generally, mucosal damage was reflected by a more pronounced change of conductance than PD. Using light microscopy, we found extensive superficial damage one hour and resealing of the mucosa four hours after HC1 (Fig lA/B) . We therefore judged that we could assess possible effects of gut nutrients on epithelial restitution within a time frame of four hours.
Mannitol (diameter: 6.7X 10-10 m) and lactulose (diameter: 955x10-10 m) are well established markers of intestinal para-cellular permeability.24 Compared with the small intestine, colonic epithelium is considered to be much tighter, having higher epithelial resistance and lower permeability. However, it has recently been shown that the rat colon is permeable even to inulin, a molecule with a diameter of 15X10-10 M.25 Sugars like mannitol and lactulose are, therefore, also suitable markers for colonic permeability measurements. Our validation experiment showed a significantly higher permeability for both markers one and two hours after HC1, compared with control conditions. No difference between mannitol and lactulose was detected. This may be explained by the gross superficial damage cause by HC1, which does not select for pore size. Similar data were obtained by Argenzio et al11 who perfused the porcine colon in vivo with deoxycholate (15 mmol/l) causing acute mucosal injury similar to that seen in our experiment. This intervention raised the mannitol permeability significantly; however, within 40 minutes mannitol permeability was normalised because of reepithelialisation with flattened cells migrating from the crypts to the flat mucosa.
Bacterial 'translocation' is defined as invasion of bacteria from the gut lumen to mainly sterile body compartments (liver, spleen, mesenteric lymph nodes). This phenomenon has been seen in animal experiments2627 but may also contribute to human perioperative morbidity.28 In addition to absorptive and secretory functions the maintenance of the barrier against bacterial entry is an important role of the colonic mucosa. The interaction of enteropathogenic E coli 0 11:H-with rabbit intestinal mucosa has recently been shown in vitro.29 Factors that re-establish the morphological and functional integrity of the epithelium may also contribute to the preservation of the barrier function. In our Ussing chamber study, bacterial 'translocation' was not measured in the strict sense of the definition given above; instead, the term 'permeation' was used. It could be shown in the validation experiment that bacterial permeation from the luminal to the serosal side increased significantly after HC1 induced injury, compared with control conditions. Therefore, bacterial permeation was used as another marker of mucosal damage possibly affected by gut nutrients.
As Figure IA shows, acid induced injury affects the epithelial surface while it leaves the colonic crypts intact. Cell renewal takes its origin within the crypt where proliferation occurs in the basal compartments. Cells migrate to the upper crypt where they stop proliferating and achieve a state of full differentiation. After a life span of about a week, senescent cells become apoptotic and are shed to the lumen.30 This process is not disturbed by acid induced injury; the validation experiment of our study showed that luminal HCI had no effect on cell proliferation in the crypts. It was hypothesised that gut nutrients stimulate cell proliferation, which may be associated with epithelial restitution after injury.
Effects ofgut nutrients (glutamine, butyrate) L-glutamine is among the most abundant free amino acids in the body and controls many pathways of intermediary metabolism. Windmueller and Spaeth31 suggested that glutamine delivered a major portion of the energy required by enterocytes. In colonocytes, similar findings were reported by Ardawi and Newsholme.32 By an unknown signal transduction pathway, glutamine also stimulates DNA synthesis of epithelial cells taken from the human ileum, proximal colon, and distal colon. 6 Assuming an important role of glutamine for the welfare of the colonic mucosa, we studied effects of this amino acid on epithelial recovery after acid induced injury.
As glutamine is readily taken up both by the apical and basolateral membranes33 a maximum effect was attempted by adding glutamine to the luminal and serosal sides of the mucosa (Table IA) . Glutamine delivered to both sides of the mucosa stimulated DNA synthesis as it was anticipated from previous incubation experiments of human biopsy material.6 This proliferative effect was associated with increased functional integrity of the mucosa (conductance, saccharide permeability, EPEC permeation). It is unknown if there is a causal relation between cell proliferation and resealing of the mucosa. Cell migration has been proposed as an alternative mechanism for epithelial restitution; this phenomenon may also be affected by glutamine via unknown pathways.
The data for serosal glutamine (Table IB) were not as clear as for serosal/mucosal glutamine. However, most of the functional parameters were affected (PD, conductance, mannitol permeability). Significant differences were missed for lactulose permeability and EPEC permeation, possibly because of the small sample size. Serosal glutamine had a trophic effect on epithelial cells, as shown by a significantly higher total crypt labelling index. In animal experiments (in vivo) intravenous glutamine has been shown to favour epithelial healing after various forms of injury.34 35 If these findings can be reproduced in the clinical setting, glutamine administration may become important for patients in the intensive care unit. 36 The drawback of free glutamine being unstable during heat sterilisation and storage can be overcome by using the stable and highly soluble dipeptide L-alanyl-L-glutamine. At present, such dipeptide solutions are being marketed.
Under the experimental conditions of this study, luminal butyrate did not affect resealing of the mucosa after acid induced injury. The finding of a lower lactulose permeability in the absence of other significant data (Table IIB) is considered a chance finding. Similarly, negative data were obtained when butyrate was added to the luminal chamber only after acid exposure (no preincubation period) or before and after HCI exposure (butyrate preincubation). This last experiment was performed as Loucks and Buell 1 have described a protective effect of butyrate when a preincubation was performed before exposure to a 'barrier breaker' (ethanol).
In their study the clearance of 51Cr-EDTA from blood to lumen was assessed as a marker of microvascular and epithelial permeability, which was significantly reduced in the presence of luminal butyrate (20 Other authors4' 42 have shown this effect in the rat colon (in vivo). It was surprising that butyrate had no effect on DNA synthesis of isolated mucosa placed in Ussing chambers. An explanation for this discrepancy may be that a cell culture medium (containing fetal calf serum) was used in the biopsy studies,5 whereas an electrolyte solution was used in the Ussing chamber experiments. It may be that butyrate can stimulate mucosal DNA synthesis only in the presence of a nitrogen source. Glutamine, in contrast, carries two N atoms itself. In addition to providing N, a cell culture medium contains a range of growth factors43 whose presence may be necessary before butyrate can induce cell proliferation.
The pH value of the bathing solutions (lumi- 
